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Abstract 

The nature of the interaction of amphipathic drugs, such as dibucaine, with phospholipid bilayer membranes 
was investigated using equilibrium dialysis. Profiles for the binding of cationic dibucaine to unilamellar vesicles 
were obtained at different temperature and ionic strengths, and for mixtures of neutral phospholipid 
dimyristylphosphatidylcholine (DMPQ with negatively charged dimyristylphosphatidylglycerol (DMPG). The 
degree of binding of the cationic drug at pH 5 was found to be higher at temperatures above the T,, of DMPC 
(24°C) than below T,. Also enhanced drug binding was found to occur as the concentration of monovalent salt 
was increased (0.01-0.85 M) and as the percentage of DMPG was increased. Using the Stern and Guoy- 
Chapman model, which takes into consideration electrostatic effects, we were able to simultaneously fit all our 
binding data with a minimum of fitting parameters. These parameters (for data at 45°C) are an association 
constant, K, of 330 M-‘, a maximum possible number of drug molecules absorbed per unit surface of vesicle, 
a:, of 1.70 x 10e2 A2, and a surface area per bound drug, y n, of 48 i2. The data were fitted equally well by 
an alternate model in which binding of the drug is described as a partitioning equilibrium, with factors 
included for electrostatic effects and surface expansion caused by drug intercalation between the fatty acid 
chains. 
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1. Introduction 

One of the sites of action of local anesthetics is 
thought to be phospholipid membranes [l]. The 
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incorporation of local anesthetics, and other am- 
phipathic molecules, into membranes causes 
changes in the thermodynamic properties of the 
latter. The surface charge of biological mem- 
branes will be altered by the adsorption of drugs, 
if they are charged, hence affecting the surface 
potential. Also, the binding of drugs can perturb 
the phase transition temperature, T,, of bilayer 
systems (i.e., pure phospholipid vesicles); this ef- 
fect may be due to an intercalation of the drug 
between fatty acid changes (thus interfering with 
the cooperative unit) or to a preferential interac- 
tion with the polar head groups of either the gel 
or liquid crystalline phase. 

A variety of biophysical approaches have been 
taken to study the thermodynamic and structural 
aspects of the interaction of amphipathic drugs 
with model membranes. Among these methods 
include various magnetic resonance studies [2-61, 
fluorescence spectroscopy [7-91, differential scan- 
ning calorimetry [ 10,111, film balance measure- 
ments [12-181, microelectrophoresis [El, and a 
variety of procedures for determining equilibrium 
binding isotherms (i.e., gel filtration chromatogra- 
phy [ 161, equilibrium dialysis [17], centrifugation 
[18], fluorescence [19] and difference spec- 
troscopy [20]). When the binding of drug has 
been compared for biomembrane preparations 
and model phospholipid vesicles, most studies 
have demonstrated similar binding behavior for 
the drug E21,22]. 

Here we report thermodynamic studies of the 
binding of the cationic form of the local anes- 
thetic, dibucaine (2-butoxy-N[2-(diethylaminoj- 
ethyl]-Cquinoline carboxamide), to unilamellar 
phosphatidylcholine vesicles. Dibucaine (see Fig. 
1) is selected for this study because, firstly, it is 
known to perturb the T, of phosphatidylcholine 
bilayers [23,24], and, secondly, dibucaine is fluo- 

0CH2CH,CH,CH, 

;NHCH&H~NH(CH,CH,)z 

0 

Diixd~HCI 

Fig. 1. Structure of dibucaine-hydrochloride. 
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rescent, which shows for handy determination of 
its relative concentration [26]. Previously we stud- 
ied the binding of dibucaine to phosphatidyl- 
choline vesicles as a function of pH [17]. In the 
present study we present results of the binding of 
dibucaine as a function of temperature, ionic 
strength, and the mole fraction of phosphatidyl- 
glycerol (which introduces a negature surface 
charge to vesicles). We use equihbrium dialysis to 
obtain binding isotherm data; this simple method 
avoids potential complications of methods such as 
centrifugation (e.g., trapping of excess drug) and 
spectral methods (e.g., linearity of the spectral 
change with the degree of binding). We employ a 
pH (= 5) that is much below the pK, (= 8.9) of 
dibucaine, to ensure that the data are for binding 
the mono-cationic form of the drug. We will show 
that electrostatic effects dominate the interac- 
tion, even with neutral vesicles. The Guoy-Chap- 
man relationship will be employed to describe 
these electrostatic effects and we will show that 
this model can be simultaneously fitted to multi- 
ple sets of data (e.g., binding isotherms at differ- 
ent salt concentration). Finally, we will compare 
models in which the binding of the cationic drugs 
is considered to reach saturation and in which 
saturation is not included. 

The primary purpose of this study is to collect 
binding profiles, to study the role of electrostatic 
effects in binding, and to attempt to distinguish 
between binding models, A secondary purpose is 
to establish conditions where most of dibucaine is 
membrane bound for the steady-state and time- 
resolved fluorescence studies in the following pa- 

per [71. 

2. Experimental section 

r_-a-Dimyristylphosphatidylcholine (DMPC) 
and r_-cu-dimyristylphosphatidylglycerol (DMPG), 
dibucaine-HCI, and Fiske-Subbarow reducing 
agents were obtained from Sigma Chemical Co. 
Single lamellar phospholipid vesicles were pre- 
pared using the procedure of Barenholz and 
coworkers [27]. The lipid phosphate concentra- 
tion was determined using the method of Bartlett 

WI. 
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A 16-cell equilibrium dialysis chamber, to- 
gether with Spectra-por 3 dialysis sheets, was 
used for the binding studies following procedures 
of Eftink and coworkers [171. All experiments 
were done at pH 5 (in sodium acetate of 0.05 M, 
unless mentioned otherwise). We loaded the 
equilibrium dialysis chambers with varying con- 
centrations of dibucaine solutions (16 X 10e3 M 
to 1.0 X 10e4 M) on one side and phospholipid 
(approximately 1 X lo-’ M) on the other side. 
The dialysis chamber was incubated in a shaking 
water bath at 45°C (unless specified otherwise) 
for at least 12 hours. We then added aliquots (25 
~11, from each side of the dialysis cells, to 2.0 ml 
of 0.05 A4 acetate buffer. The fluorescence inten- 
sity was then measured at 390 um with excitation 
at 340 nm, using a Perkin-Elmer MPF 44A spec- 
trofluorometer and was compared to standards of 
known concentration [17]. This provided the mo- 
lar concentration of dibucaine on both sides of 
the dialysis chamber (free dibucaine, [D],, on one 
side and free plus bound, [Dlf + [D],, on the lipid 
side). The moles of drug bound per mole of 
phospholipid, v, was then calculated as ID&,/ 
[Lipid], for various values of [Dl,. A check was 
made that the phospholipid does not diffuse 
across the dialysis membrane during the 12 hour 
equilibration time. This was done by attempting 
to measure lipid phosphate on the opposite 
chamber as a function of time; no diffusion of 

0.30, I 
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Fig, 2. Binding profiles for the association of dibucaine to 
DMPC unilamellar vesicles at 15°C (A>, 35°C (01, 45°C (I), 
50°C (a) and 60°C (0). Conditions; ionic strength of 0.05 M 

and approximately 1 X lo-’ DMPC. 

phospholipid across the dialysis membrane was 
observed during this time period. 

Equilibrium dialysis experiments were per- 
formed at different temperatures U5-6o”C), ionic 
strength (0.01-0.85 M), and for various DMPGI 
DMPC phospholipid mixtures (O-30% DMPG). 
We have obtained saturation isotherms which 
show a degree of negative cooperativity. Various 
models (see following section) were fitted to these 
data using the non-linear least squares program 
NONLIN [29]. The analysis was performed simulta- 
neously over several related data sets, as will be 
explained in the following sections. 

3. Results and discussion 

3.1 Binding isotherm 

From equilibrium dialysis experiments we ob- 
tained binding isotherms of v (moles of bound 
drug per mole of phospholipid) versus the con- 
centration of free dibucaine [DJf. Figures 2-5 
represent binding profiles for dibucaine to DMPC 
as a function of temperature, ionic strength, and 
percentage of added DMPG. In all cases, 
Scatchard plots (e.g., Fig. 3B) show that the 
cationic dibucaine binds to phospholipids with an 
apparent negative cooperativity. As shown in Fig. 
2, the binding of dibucaine to DMPC model 
membranes at 0.05 M ionic strength approaches 
saturation at v of 0.2-0.3 (i.e., O-2-0.3 drug 
molecules bound per one phospholipid) at tem- 
peratures above the T, for DMPC vesicles CT,,, = 
24°C). At temperatures below If,, we found that 
dibucaine still binds to DMPC and approaches 
saturation at v of about 0.04. 

The binding of dibucaine is enhanced upon 
increasing the ionic strength as shown in Fig. 3 
(data obtained at 45°C). The maximum number of 
drug molecules bound per phospholipid appears 
to almost double upon changing the ionic strength 
from 0.05 to 0.25 M. Binding isotherms at ionic 
strength ranging from 0.01 to 0.85 are shown in 
Fig. 4. 

In Fig. 5 is shown the effect of changing the 
charge density of phospholipid on the binding of 
the cationic drug (at 45’C). Here DMPG, with a 
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Fig. 3. (A) Binding profiles for the association of dibucaine to 
DMPC unilamellar vesicles at ionic strength of 0.05 M sodium 
acetate (A,), and 0.05 M sodium acetate +0.2 M NaCl (6. 
The solid lines are a fit to the Gouy-Chapman-Stern model 
as described in the text. Conditions; 45”C, approximately 
1X 10m2 M DMPC. (B) Scatchard plots of the above data. 

The solid lines are forced first of the Scatchard equation. 

net negative charge, was introduced into the vesi- 
cles. We found that the maximum degree of bind- 
ing was increased (i.e., saturation approached at 
N 0.5 drugs per phospholipid at 30% DMPG, as 
compared to saturation of _ 0.25 drug per phos- 
pholipid in 100% DMPC). From these ionic 
strength and DMPG studies it is clear that the 
binding of dibucaine is influenced by electrostatic 
interactions. As illustrated by Figure 3B, analysis 
of these binding isotherms in terms of the 
Scatchard equation (i.e., a Langmuir type 
isotherm, v = nK[D]/(l + K[DJ), where K is an 
association constant, n is the number of binding 
sites per phospholipid, and [D] is free drug con- 
centration) is unsatisfactory; forced-fits give n 
and K values that depend on ionic strength and 
the percentage of DMPG. Below we present 
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Fig. 4. Binding profiles for the association of dibucaine to 
DMPC and to DMPC/DMPG unilamellar vesicles at 0.01 M 
acetate (@I, 0.05 M acetate (A), 0.05 M acetate +0.2 M 
sodium chloride CO), 0.05 M acetate t 0.5 M sodium chloride 
(A ), 0.05 A4 acetate t 0.8 M sodium chloride (0) and 10% 
PG in 0.05 M acetate (+ ). The solid lines are a simultaneous 
fit to the Gouy-Chapman-Stern model as described in the 

text. Conditions; 45”C, approximately 1 X lo-* M DMPC. 

models which directly include the electrostatic 
interactions. 

3.2 Binding models 

The above binding isotherms clearly indicate 
that electrostatic interactions play a dominant 
role in the association of dibucaine with phospho- 
lipid bilayers. Here we present two models for 

0.6 - 
- Theoretical fit 

A 100% DMPC 
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Fig. 5. Binding profiles for the association of dibucaine to 
DMPC/DMPG unilamellar vesicles with 0% DMPG (A), 
10% DMPG (A), 20% DMPG (0) and 30% DMPG (0). The 

solid lines are a fit to the Gouy-Chapman-Stern model as 
described in the text. Conditions; 45°C approximately 1 x lo-’ 

M DMPC. 
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analyzing these data. These models, which em- 
ploy Guoy-Chapman theory to estimate the sur- 
face charge effects, have been presented by sev- 
eral researchers [20,24,30-331. The difference be- 
tween the models is that one assumes saturable 
binding (Langmuir isotherm) of the drug to the 
vesicle, whereas the other mode1 assumes non- 
saturable binding (Henry’s law phase partition- 
ing). We will show that the binding data in Figs. 4 
and 5 can be described by both models, provided 
the models take into account the expansion of the 
bilayers upon drug intercalation and the binding 
of chloride counterions, as well as the electro- 
static interactions. Our theoretical treatments are 
not new, but we show here the strategy of simul- 
taneously analyzing multiple data sets (i.e., data 
as a function of ionic strength) in order to test 
the binding models. 

We will first present in detail the saturable 
binding (Langmuir) model; the unsaturable bind- 
ing (partitioning) model is simply a truncation of 
the former and will be presented more briefly. 

3.2.1 Saturable binding (Langmuir) model 
This and the following model describe the 

electrostatic interactions at the bilayer surface in 
a non-specific manner using the Guoy-Chapman 
expression for the relationship between the charge 
density, u, on a bilayer and its surface potential, 
PO 1341. The surface charge density on a vesicle 
can be due, in our system, to either (a) the 
reversible binding of cationic dibucaine (contrib- 
uting a positive charge density, u_, which is re- 
lated to the amount of bound drug) or (b) the 
presence of anionic DMPG in the bilayer (con- 
tributing a negative charge density, (T+, which is 
related to the mole fraction of DMPG, XDMPG). 
These two sources of surface charge density 
(charge per k) lead to repulsive and attractive, 
respectively, electrostatic interactions with an ap- 
proaching cationic dibucaine molecule. These in- 
teractions can be related to the membrane sur- 
face potential, pO, by the following (Grahame) 
approximation of the Guoy-Chapman relation- 
ship 

exp( -FP,/RT) = (1 + (+:/4~q,RTc)-~ (la) 

exp( -F!PO/RT) = (1 + a!/4.+,RTc) (lb) 

5 

where E is the dielectric constant of water, E” is 
the permittivity of space, R is the gas constant, F 
is the Faraday constant, and c is the total con- 
centration of monovalent salt in solution, 

Whether I$‘,, is produced by reversible binding 
of cationic drug or the presence of anionic 
DMPG, the local (at the vesicle surface) concen- 
tration of the cationic drug (DH+), will be deter- 
mined by the Boltzmann relationship 

(DH+), = (DH’), exp( -F4,/RT) (2) 

where (DH*), is the concentration of cationic 
drug at an infinite distance from the bilayer sur- 
face 

In the saturable model, a Langmuir isotherm is 
assumed for the binding process, with the drug 
concentration being that at the membrane sur- 
face. 

n&[DH+lo 
’ = 1 +KLIDH+lo (3) 

Here v is the moles of bound drug per mole of 
phospholipid, K, is the association constant, and 
n is the maximum number of drug binding sites 
per phospholipid. If the drug binds only in its 
cationic form, then the value of v is related to 
u+ as V=CJ+ yL, where yL is the surface area 
(in A2) per phospholipid molecule. (See below for 
the inclusion of surface expansion effects). Since 
Y is related to u+, the Langmuir isotherm can 
also be expressed in terms of charge density 

cry+maxK,[DH+]o 

“+= 1 t K,[DH+],, (4) 

where ayax is the maximum surface charge den- 
sity (due to reversible drug binding)_ 

The Guoy-Chapman, Boltzmann, and Lang- 
muir isotherm equations can be combined to in- 
clude electrostatic effects in drug binding. First, 
we consider only the repulsive interaction for the 
binding of cationic drug (to an initially neutral 
bilayer surface). Combining eqs. (la) and (2) yields 

[DH+], = [DH+],/(~ +&AC) (5) 

where A = ~E.Q RT (= 1.46 X 1V5 at 45°C). On 
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substitution of this expression for [DH +I0 into eq. 
(4), we obtain 

a,maX&[DH+], 

w+= y’yL = I + &4c + KJ DHf], (6) 

Extension of this model to include the attrac- 
tive interaction with anionic DMPG is achieved 
by factoring in eq. (lb) to yield. 

[DH +I0 = 
[DH+],( 1+ c?/Ac) 

(1 + &AC) (7) 

and 

(T+= v’yL = 1+ uf/Ac + K,[DH+],(l + ,!,‘Ac) 

(8) 

This equation, which has been called the Guoy- 
Chapman-Stern relationship [30], describes v to 
be a function of K,, a:=, yL, and (T_. The latter 
two parameters will be known with some cer- 
tainty; yL has been determined from film balance 
measurements [35] and u_ is calculated as u_= 
X,,,,/y,, where X,,,, is the mole fraction of 
phospholipid that is anionic. This equation could 
be used to fit the binding isotherm data in Figs. 4 
and 5, but it can be further modified to include 
corrections for (a) the expansion of the bilayers 
due to the intercalation of drug, and (b) the 
weak, reversible binding of anionic species. 

If the drug binds by intercalating, for which 
there is evidence for dibucaine 1141, then expan- 
sion of the bilayer will result and this will dimin- 
ish the repulsion between like charges. A correc- 
tion for expansion can be made by the following 
expression for the effective surface area of the 
bilayer 

Yt=YL+?W (9a> 

= YLcl+ V,/Yl) (9b) 

where yL and yo are the surface areas of a 
phospholipid and of bound drug in a monolayer. 

An additional consideration is that the associa- 
tion (or dissociation) of a specific ion (including 
hydrogen ion) will neutralize either the bound 
drug or DMPG. Since the ply, of bound dibu- 
Caine is estimated to be about 8 1311 and since the 

experimental pH (= 5) is well below this, the 
binding of neutral dibucaine can be ignored in 
this study. However, elevated chloride concentra- 
tions are employed and one can consider the 
weak association of Cl- with bound dibucaine 
[25]. This would neutralize the latter and would 
enable more drug to bind without producing a 
repulsive positive charge density. A therrnody- 
namic scheme for the co-binding of chloride 
counterions is given below 

D++Cl- . * D-Cl 

DMPC - D++ Cl- 
&I 

- DMPC.D*Cl 

where K,, is defined as [DMPC . D * Cl]/[DMPC 
. D’l[Cl-I, i.e., the association of Cl- to bound 
dibucaine. 

The t, value can then be considered to include 
both cationic and neutral drug forms, 

v = [D+]bound + [DC%,,,, 

[lipid] ( lOa) 

= yD++ ‘DC1 uw 

= vD+(l + KC,[C1-l) (1Oc) 

Combining the binding isotherm (eq. 8) with 
the corrections for surface expansion and for the 
binding of chloride counterions, we obtain the 
following relationship for the total binding of 
drug 

” = r+YL(l+ VD/YLW + &,[CI- I) (11) 

v= 

o~“KLIDH+],yL(slec attract)(expansion corr)(chloride binding MIT) 
= 

(elec repulsion) + KLIDH+]+lec attract) 

(13) 

This transcendental equation contains the follow- 
ing adjustable parameters: a?=, K,, K,,, yD and 
yL (the latter parameter may be estimated by 
independent Langmuir-Blodgett surface area/ 
pressure measurements). The value of u_ is de- 
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termined as u_= X,,,,/yt, and u+ is deter- 
mined as IT+= ~/(yk(l + K&l])). Thus eq. (12) 
contains the unknown u on both sides. To fit this 
function to experimental v vs. [DH+l, data, we 
have written a program that employs a Newton- 
Raphson iterative approximation routine together 
with a nonlinear least squares analysis (NONLIN 

[29]). Also, since eq. (12) is a function of both the 
monovalent salt concentration, c, and mole frac- 
tion of DMPG, XDMPG, we have written this 
program to simultaneously fit eq. (12) to multiple 
data sets (i.e., at different c and/or X,,,,). 

3.2.2 Unsaturable binding (partitioning) model 
The above model assumes that there is a maxi- 

mum number of binding sites per phospholipid 
(or a maximum charge density, ayax). Seelig and 
coworkers 1201 and Westman and coworkers 
132,331 have argued that, while a saturable bind- 
ing model may be appropriate for surface binding 
ligands [35], amphipathic drugs dibucaine may 
more correctly be considered to bind in an unsat- 
urable manner. Film balance experiments show 
that dibucaine penetrates, at least partially, be- 
tween fatty acid chains and causes an expansion 
of phospholipid monolayers [14]. The above re- 
searchers argue further that such intercalation 

Table 1 

I 

and expansion should not be a saturable process. 
They have presented, instead, a partitioning 
model to interpret drug-membrane binding data. 
This model substitutes the following Henry’s law 
partitioning isotherm for the Langmuir adsorp- 
tion isotherm 

Y =K,[DH+10 (14) 

where K, is a partition coefficient for drug be- 
tween the membrane and aqueous phases. At 
first glance, it does not appear that the above 
partitioning isotherm can account for the data in 
Figs. 2-5 which appear to approach saturation. 
That is, the above function is for a linear rela- 
tionship between v and drug concentration. How- 
ever, inclusion of the term for repulsive electro- 
static interaction, between bound dibucaine 
molecules, causes this isotherm to also have a 
“saturating” appearance. Inclusion of the electro- 
static terms, plus the factors for surface expan- 
sion and the binding of chloride counterions, 
yields the following partitioning function. 

K,[DH+ I~YL(~+ 1+! /Ac)(l + ‘YU /YL)(~ + &,[CI- 1) 
Ir= 

(l+ CT: /AC) 

(15) 

Fitting parameters for the analysis of binding isotherm data a by the saturating (Langmuir) model and the non-saturating (Hemy’s) 
model 

Data sets KL YD Kc, 
max 

fl+ SSR 

(M-l) (A21 (IT’) (e/A21 

Langmuir isotherm model 

Five salt 3.33 x 102 48.6 0.323 1.71 x 10-z 2.96 x lo-’ 
concentrations (3.06-3.66) (39.2-57.7) (0.254-0.394) (1.58-1.83) 

Five salt 3.26 x 10’ 46.9 0.456 1.54x 10-2 4.76x lo-* 
and 10% DMPG (3.00-3.60) (36.5-56.4) (0.353~0.568) (1.40-1.64) 

K, YII KU SSR 

(M-2 A-2) &) 0-l) 

Henry’s isotherm model 
Five salt 5.43 30.0 0.321 2.88X lo-* 

concentrations (4.93-5.92) (22.5536.9) (0.235-0.414) 
Five salt 4.55 25.6 0.5 12 5.22x 10-Z 

and 10% DMPG (4.11-4.98) (15.5-34.6) (0.378-0.661) 

a All data obtained at pH 5.0, 45°C. The five salt concentrations were 0.01 M, 0.05 M, 0.25 M, 0.55 M, and 0.85 M. The SSR 
values are the sum of the squares of the residuals for a non-linear least squares analysis (simultaneous over the indicated data 

sets). The values in parentheses are 67% confidence limits for the indicated parameters. 



8 

This differs from eq. (12) only in the absence of 
a:=, the absence of a term in the denominator, 
and the definition of K, (vs. K,). K, is defined 
by the above equation to be a partition coeffi- 
cient per unit surface area of the bilayer and has 
units of M-’ A-2. We have also written a com- 
puter program to fit this partitioning function to 
data, including the ability to simultaneously fit 
multiple data sets. 

3.3 Analysis of data 

The binding data in Fig. 4 were fitted by both 
the saturating (Langmuir) model and the unsatu- 
rating (Henry’s) model. The results of these anal- 
yses are listed in Table 1. Simultaneous non-lin- 
ear least squares analyses were preformed over 
the following multiple data sets; (a) the isotherm 
data at five salt concentrations form 0.01 to 0.85 
M, and (b) the same five salt concentration data 
plus the isotherm data for 10% DMPG contain- 
ing vesicles (the latter at an ionic strength of 0.05 
M). In Table 1 are listed the fitting parameters 
for the two models and for the two sets of binding 
isotherms; also listed are the 67% confidence 
limits for the fitting parameters and the sum of 
the squares of the residues (SSR) as an indicator 
of the goodness of the fits. 

The saturating (Langmuir) model has four fit- 
ting parameters, K,, yD, a,m”x, and K,,. The 
values of K, and ay are very highly correlated 
and the first listed in Table 1 were achieved by 
alternately fixing K, or a:= and floating the 
other three parameters. Inclusion of the 10% 

Table 2 
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DMPG data diminished slightly the quality of the 
fit (compare the SSR values). However, the theo- 
retical curves in Fig. 4 show a very satisfactory 
simultaneous fitting of the six isotherms (includ- 
ing the 10% DMPG data) to the Langmuir based 
isotherms (eq. 12). 

The recovered K, value of N 3.3 x 10’ M- ’ 
(at 45°C) indicates that there is a modest affinity 
of dibucaine for the phospholipid vesicle, in the 
absence of electrostatic effects. The value of w+max 
is approximately equal to the reciprocal of the 
surface areaoof a phospholipid molecule (l/yL = 
1.4 x lo-’ A-*), suggesting that, at saturation, 
there will be approximately one dibucaine per 
phosphohpid molecule, The recovered value of 
the surface area for bound dibucaine, yo, is N 48 
_$, a value which is reasonable in comparison 
with the value of yL = 70 A2 taken for a phospho- 
lipid molecule. Finally, the value of K,, = 0.3 to 
0.5 M-l is in the range expected for the interac- 
tion of monovalent ions with a charged phospho- 
lipid surface [31]. 

The non-saturating (Henry’s) isotherm model 
yields fits with nearly the same SSR and requires 
only three fitting parameters, K,, yD, and K,,. 
The fits listed in Table 1 were made by floating 
$11 three parameters. The value of K, = 5 M-’ 
Ap2 may seem small, however, this is defined as 
a value per unit surface area. By multiplying K, 
by yL (70 A’“> we obtain an effective Ki value of 
= 350 A!-‘, which is more in line with values 
previously found for the partition coefficient of 
dibucaine into phospholipid vesicles (see ref. [15] 
and [20] and note the different pH and tempera- 

Fitting parameters for analysis of binding isotherms by the non-saturating (Henry’s) model a 

Data sets KP KC, SSR 

(M-’ k, $1 CM-‘) 

Five salt 5.43 30.0 0.321 2.88x10-* 
concentrations (4.93-5.92) (22.5-36.9) (0.235-0.414) 

Five salt 4.69 (70) 0.092 6.38x10-’ 
concentrations (4.04-4.71) (0.039-0.144) 

Five salt 5.66 (0) 0.686 4.80x IO-’ 

concentrations (4.55-6.16) (0.402-0.790) 
Five salt 6.33 50.8 (0) 5.84x10-* 

concentrations (5.69-6.95) (4X4-58.3) 

a All data obtained at pH 5.0, 45°C. The values in angle brackets (( )) were fixed in the analysis. 
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ture used in our study). The yo value is found to 
be 25-30 AZ and K,, is found to be 0.3-0.6 M-l 
according to this model. 

We also performed analyses in which certain 
of the parameters were fixed in order to demon- 
strate their importance in the fits. In Table 2 are 
listed the results of the fitting of the “five salt” 
data set to the non-saturating model for cases in 
which (a) y,, was fixed at 70 A2 (i.e., at the same 
value as the phospholipid), (b) yn was fixed at 0 
A2 (i.e., for the case in which there is no surface 
expansion on drug binding), and cc> K,, was 
fixed at 0 M-’ (i.e., no counterion binding). In 
each of these cases, the fits are significantly worse, 
as indicated by the higher SSR values. 

3.4 Molecular interpretations 

The results and fits raise the following set of 
questions. Do the binding isotherms reflect bind- 
ing to both the inside and outside monolayers of 
the vesicles? Does dibucaine induce a micelliza- 
tion of the vesicles? Does expansion occur when 
dibucaine binds to the vesicles? To what extent 
does dibucaine intercalate between the fatty acids 
chains (or does binding occur only at the phos- 
phorylcholine head region)? Is the binding pro- 
cess saturable or not? 

Apparent values of v are found as high as 0.7 
at high salt concentration (see Fig. 4). The calcu- 
lation of v is based on total phospholipid 
molecules, whether they are on the internal or 
external monolayer of the vesicle. In a small 
unilamellar vesicle, approximately two-thirds of 
the DMPC molecules are initially on the external 
monolayer [36,37]. If binding only occurs on the 
external monolayer, the actual v values would be 
- 3/2 times the apparent values. This would 
mean that the ratio of bound drug to external 
DMPC molecules would be as high as OS to 1.0 
under many conditions. If dibucaine does interca- 
late and cause monolayer expansion, as our fit- 
ting and the work of others [14,20,32,33] indicates 
(see below), then association only on the outer 
monolayer would seem to be impossible, since 
this would require that the outer monolayer would 
expand by up to 100% without an obvious mecha- 
nism for expansion of the inner monolayer. Bind- 

ing of dibucaine to both the inner and outer 
monolayers would seem more reasonable, since it 
would avoid this problem. 

The question then is whether dibucaine, at pH 
5, can permeate the bilayer on our time scale for 
equilibrium dialysis. NMR studies with vesicle 
entrapped paramagnetic shift-ions have been in- 
terpreted as showing evidence for the rapid trans- 
verse diffusion of a similar local anesthetic, tetra- 
Caine [38]. Conflicting data of this sort and inter- 
pretation were later reported by Eriksson [39]. 
WC show in the following article that dibucaine, 
added to the outside of vesicles, can rapidly (with 
minutes) quench the fluorescence of a fatty acid 
probe incorporated into both internal and exter- 
nal monolayers. Mayer et al. [40] used a rapid gel 
filtration method to monitor the kinetics of the 
accumulation of cationic dibucaine into PC vesi- 
cles in response to the presence of a transmem- 
brane potential (negative inside). The half-life for 
this uptake was found to be about 10 min. In the 
absence of the transmembrane potential a smaller 
accumulation of dibucaine occurred and the 
half-life for this non-driven uptake was on the 
order of lo-60 min. Based on these studies we 
conclude that dibucaine binds to both the inner 
and outer monolayers of a unilamellar vesicle. 

The results of Mayer et al. [40] are also consis- 
tent with transmembrane co-diffusion of a dibu- 
Caine H+ ... Cl- ion-pair being a route of accu- 
mulation of the drug in vesicles. In the present 
work we have no direct evidence to support this 
conclusion. However, the co-diffusion of such an 
ion pair would avoid the generation of a trans- 
membrane potential or pH gradient. 

The question of whether dibucaine causes a 
micellization of PC vesicles was addressed in the 
work of Eriksson 1391. Based on 31P NMR studies 
of the phosphorylcholine head groups, he found 
that micellization of egg PC vesicles only occurs 
above 69 mM dibucaine. Our equilibrium binding 
studies were performed at a much lower drug 
concentration. Thus there is no evidence that the 
vesicular state of the phospholipids has been al- 
tered. 

The Langmuir film balance studies of Seelig 
1141 have shown that the association of cationic 
dibucaine with PC monolayers causes an expan- 
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sion of the membrane surface area. This, of 
course, is most easily interpreted in terms of the 
intercalation of dibucaine between the fatty acid 
chains of the PC molecules. Seelig concluded that 
the bound, intercalated dibucaine molecules have 
an apparent surface are of yp = 55 k, as com- 
pared to a value of yL = 62 A2 for the PC used. 
With the saturating or non-saturating binding 
models, our data in Fig. 4 are best fit with values 
of yo = 48 ;i’ and 30 k, respectively. Either y,, 
value is reasonable, in comparison to the molecu- 
lar dimensions of a phospholipid molecule, for 
intercalation to occur. Spectroscopic data are 
consistent with some penetration of dibucaine 
into phospholipid biIayers, but the actual degree 
of penetration is not clear. Eriksson [39] showed 
that the binding of dibucaine causes a progressive 
change in the ‘H NMR chemical shift of the 
N-methyl choline resonance, suggesting a pertur- 
bation of the conformation of the phosphoryl 
head group. Fluorescence studies show that the 
emission of dibucaine is blue shifted and pro- 
tected from quenching by iodide upon binding to 
phospholipids [7,13]. These results suggest that 
the quinoline ring is at least partially buried in 
the bilayer. Time-resolved anisotropy decay stud- 
ies (see following article) show a decrease in the 
rotational motion of bound dibucaine. Assuming 
that the tertiary ammonium group of bound dibu- 
Caine lies at the aqueous interface and/or inter- 
acts with the negatively charge phosphate groups 
of phospholipids, it appears that the butoxyquino- 
line group wedges its way into the hydrophobic 
region, and that there is slow rotational motion of 
the quinoline ring. 

The question of whether the binding process is 
saturating or non-saturating may not be possible 
to answer unequivocally. Due to the obviously 
downward curving binding curves (i.e. Figs. 2-51, 
quantitative analyses of the binding of amphi- 
pathic drugs to membranes have assumed a Lang- 
muir (saturation) binding function with the ap- 
parent negative cooperativity being due to elec- 
trostatic effects [17,30-331. As pointed out by 
Seelig et al. [20], a partitioning (non-saturating) 
mode1 can also predict downward curving binding 
profiles, when electrostatic interactions are in- 
cluded. We are able to fit the data in Fig. 4 

almost equally well with both models. (The data 
as a function of X,,,, in Fig. 5 is not fitted as 
well by either model. This is easily attributed to 
the fact that, for any DMPG composition, the 
percentage of the DMPG on the outer monolayer 
will be larger than that on the inner monolayer 
[41].) Since the partitioning model contains one 
less fitting parameter, it must be considered the 
more acceptable model, provided that it is physi- 
cally reasonable and consistent with other data. 
Since there is separate evidence that binding of 
dibucaine involves partial penetration and sur- 
face expansion [141, it seems reasonable that 
binding would behave as a non-saturable process. 
Only at very high drug concentration would this 
by difficult to rationalize; it would imply that a 
bilayer membrane structures would persist even 
when the number of bound drug is greater than 
the number of phospholipid molecules. 

Regardless of the question of saturating versus 
non-saturating binding, electrostatic interactions 
are shown to play a dominant role in determining 
the extent of drug binding. The intrinsic associa- 
tion constant of dibucaine for the bilayers is a 
modest value of K, = 3 x lo2 M-’ (or KL = 3.5 
X 10’ M-l). Electrostatic repulsion, between 
bound cationic dibucaine molecules, attenuate 
binding. Electrostatic attraction to anionic DMPG 
enhances binding, but the models are consistent 
with this being a non-specific (Stern-layer) effect, 
rather than a change in the intrinsic association 
constant. The poorer binding of dibucaine to the 
gel state of DMPC also appears to be primarily a 
consequence of there being a greater surface 
charge density (due to the smaller y,_ of the gel 
state) caused by cationic drug binding to this 
state. Finally, we observe that, for the liquid 
crystalline phase, the binding of dibucaine shows 
a slight decrease in affinity with increasing tem- 
perature (see Fig. 2). These data are consistent 
with a recent determination by Seelig and Ganz 
[42] that the enthalpy change for the binding of 
dibucaine is small and exothermic. 
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